ABSTRACT Members of the REEP (Receptor expression enhancing protein) family contain a TB2/ DP1, HVA22 domain that is involved in intracellular trafficking and secretion. Consistent with the presence of this domain, REEP1 and REEP3 enhance the expression of odorant and taste receptors in mammals, while mutation of these genes causes defects in neural development. REEP4 was identified in the course of a functional antisense morpholino oligonucleotide screen searching for genes involved in the early development of Xenopus tropicalis: although over-expression of the gene causes no phenotype, embryos lacking REEP4 develop a slightly kinked body axis and are paralysed. At tailbud stages of development, REEP4 is expressed in the somites and neural tube. The paralysis observed in embryos lacking REEP4 might therefore be caused by defects in the nervous system or in muscle. To address this point, we examined the expression of various neural and muscle markers and found that although all are expressed normally at early stages of development, many are down regulated by the tailbud stage. This suggests that REEP4 plays a role in the maintenance of both the nervous system and the musculature.
Introduction
REEP4 (Receptor expression enhancing protein 4) is a member of a family of transmembrane proteins which shares homology with the plant stress-induced gene HVA22 (Brands and Ho, 2002) and with yeast Yop1p (Calero et al., 2001) . Yop1p is a membrane protein involved in Rab-mediated vesicle transport and is thought to regulate vesicle trafficking between the endoplasmic reticulum and the Golgi network. Mutations in REEP1 are thought to be responsible for hereditary spastic paraplegia in which the long axons of motor neurons degenerate (McDermott et al., 2000 , Zuchner et al., 2006 and REEP3 has been identified as a novel candidate gene underlying autism (Castermans et al., 2007) . The molecular basis of these phenotypes is unclear, but we note that both REEP1 and REEP3 can increase the surface expression of chemoreceptor and G proteincoupled odorant receptors (Behrens et al., 2006 , Saito et al., 2004 . Indeed, the widespread expression of both REEP1 and REEP3 (Behrens et al., 2006) suggests that these factors might serve a general role in the folding and trafficking of transmembrane proteins.
Inhibition of REEP4 function in Xenopus tropicalis using antisense morpholino oligonucleotides causes embryos to develop with a slightly kinked body axis and to be unable to move (Rana et al., 2006) . In this study we analyse the expression pattern of REEP4 during early Xenopus development and characterise the effects of loss of REEP4 function on the expression of various neural and muscle markers. We conclude that loss of REEP4 causes defect in both muscle and neural development.
Results
The Xenopus REEP proteins A Xenopus tropicalis REEP4 cDNA was obtained from an X. tropicalis cDNA library constructed using RNA derived from unfertilised eggs (clone identifier Tegg010a23; accession number CR926301) (Gilchrist et al., 2004 ). An X. laevis REEP4 cDNA was identified by BLAST searching (accession number NM_001093429) and obtained from the I.M.A.G.E. Consortium (ID6862296). Comparison of Xenopus, human and mouse REEP4, using NCBI BLAST search (Altschul et al., 1997) , showed that REEP4 is highly conserved within these vertebrates. X. tropicalis and X. laevis REEP4 share 95% identity (Fig. 1A) , while human and mouse, respectively, share 69% and 67% identity with X. tropicalis REEP4.
All REEP proteins contain a conserved TB2/DP1, HVA22 domain near their N-termini (Fig. 1A) . The TB2/DP1, HVA22 family (Pfam PF03134) includes members from a wide variety of eukaryotes, such as human TB2/DP1 (deleted in polyposis) (Lal and Gallinger, 2000) and the plant abscisic acid-induced regulatory protein HVA22 (Shen et al., 1993) . The REEP proteins are orientated with their C-termini outside of the cell, and may play a general role in permitting cellsurface expression of G-protein coupled receptors (Clark et al., 2005) . We note that REEP4 contains two putative transmembrane domains, the first of which might serve as a signal peptide (Saito et al., 2004) (Fig. 1A) .
The human and mouse genomes contain at least five genes homologous to REEP4 (REEPs1-3 and REEPs5 and 6). We have identified the Xenopus homologues of these proteins and constructed the unrooted phylogenetic tree of all currently known Xenopus REEP family members (Fig. 1B) .
REEP4 expression pattern
The expression and function of REEP4 was examined in both X. laevis and X. tropicalis. Real time RT-PCR carried out on RNA (Rana et al., 2006) , that there is significant maternal expression of REEP4, after which levels decline during cleavage stages and gastrulation. Transcription then increases during neurula and tailbud stages ( Fig.  2A) . In situ hybridisation of X. laevis embryos shows that during gastrulation REEP4 is expressed on the dorsal side of the embryo ( Fig. 2B ) and then in the neural plate and neural tube (Fig. 2C,D) . At tailbud stages ( Fig. 2E -H) REEP4 is expressed in the somites (Fig.  2E ,F,H), neural tube ( Fig. 2G ,H) and otic vesicle ( Fig. 2G ).
At early stages REEP4 expression in X. tropicalis resembles that in X. laevis (data not shown) but at tailbud stages transcription predominates in the somites (Fig. 2I) , with neural expression being activated only later (Fig. 1J) .
Overexpression of REEP4 in both X. laevis and X. tropicalis had no significant effect on development (data not shown).
Depletion of REEP4 in both X. tropicalis and X. laevis causes paralysis and shortening of the body axis REEP4 loss-of-function embryos were created by use of antisense morpholino oligonucleotides (MOs). Two non-overlapping REEP4 MOs were designed for X. tropicalis (Rana et al., 2006) (Fig. 3A) and one for X. laevis (Fig. 3A) . X. tropicalis MO1 and the X. laevis MO spanned the initiation codons of their target mRNAs; the second X. tropicalis MO (MO2) targeted sequence that is 5' of MO1. Both X. tropicalis MOs inhibited translation of REEP4 in an in vitro transcription-translation reaction (Fig. 3B , left), with MO2 being more effective than MO1 (Fig. 3B, left) . The X. laevis MO inhibited translation of mRNA encoding HA-tagged REEP4 following injection into the Xenopus embryo at the onecell stage (Fig. 3B, right) .
X. tropicalis embryos were injected at one cell stage with 30 ng of MO1 or MO2 and X. laevis embryos were injected with 90 ng MO. Loss of REEP4 function caused similar phenotypes in both species, although X. tropicalis MO2 gave a stronger phenotype than did X. tropicalis MO1, an observation consistent with data suggesting that MO2 is more effective in inhibiting translation of REEP4 mRNA (Fig. 3B, left) . Thus, embryos appeared normal at gastrula stages (not shown) but by the tailbud stage there appeared to be some delay in development compared with embryos injected with control MO (Fig. 3C,D,G,H) . For example, in X. tropicalis, 35 out of 49 cases resembled the top embryo in Fig. 3H and the remaining 14 resembled the lower two embryos. In addition, embryos injected with MOs directed against REEP4 frequently displayed a slightly bent antero-posterior axis and their posterior structures were reduced. Significantly, unlike control embryos, such embryos were unable to move in response to touch (see Supplementary movie).
The similarity of the X. laevis and X. tropicalis phenotypes indicates that the effects of our antisense MOs are specific. To confirm this suggestion, we attempted to 'rescue' the phenotypes. In the first series of experiments, X. laevis embryos were coinjected with 90 ng REEP4 MO together with 2 ng RNA encoding X. tropicalis GFP-tagged REEP4. There are five base mis-matches between X. tropicalis REEP4 mRNA and the X. laevis REEP4 MO, so the two are unlikely to form stable hybrids (Rana et al., 2006) . X. tropicalis REEP4 proved to rescue the effects of the X. laevis MO, both morphologically (Fig. 3D,E) and quantitatively, as judged by the lengths of control MO, REEP4 MO and 'rescued' (Fig. 3F) . Additional experiments showed that 1.2 ng of X. tropicalis GFP-tagged REEP4 is able to rescue the effects of 30 ng of MO2 injected into X. tropicalis (Fig. 3H,I ). In such experiments, 35 out of 53 cases resembled the upper two embryos in Fig. 3I and the remaining 14 resembled the lower embryo. The REEP4 construct used in the latter experiments does not include sequence complementary to MO2, which targets the 5' untranslated region of REEP4 (Fig. 3A) .
Down-regulation of neural markers in embryos lacking REEP4
The inability of embryos lacking REEP4 to move in response to stimulation might be caused by defects in muscle development or nervous system development. To investigate this question we first studied the expression of several neural-specific genes by in situ hybridization. Markers of neural development such as N-tubulin, Sox3 and Pax6 were expressed normally at neurula stages in X. laevis embryos injected with REEP4 MO (Fig. 4A,B ; E,F; I,J), and even at tailbud stages expression of all three genes was little reduced in embryos injected with the REEP4 MO ( Fig. 4C,D; G,H; K,L). Neural crest formation, marked by expression Pax3, appeared normal at neurula stages (Fig. 4M,N) , but was disrupted in tailbud embryos, especially in the somites and pronephros ( Fig.  O,P) . At later stages, expression of the motor neuron marker Islet1 frequently appeared disripted in both X. laevis and X. tropicalis embryos injected with MOs directed against REEP4 (Fig. 4Q-T) .
Down-regulation of myogenic markers in embryos lacking REEP4
We also analysed the expression of various myogenic regulatory factors (Tapscott, 2005) and muscle terminal differentiation products in embryos injected with REEP4 MOs. Of the myogenic regulatory factors, Myf5 is expressed just before the onset of gastrulation and MyoD shortly thereafter (Chanoine and Hardy, 2003 , Harvey, 1991 , Hopwood et al., 1989 , Hopwood et al., 1991 . Mrf4 is expressed from late neurula stage 18 (Jennings, 1992) . Later markers included 12/101, a monoclonal antibody which recognises an uncharacterised muscle-specific protein (Kintner and Brockes, 1984) , dystrophin, which is a member of a multiprotein complex that links muscle cytoskeleton to the extracellular matrix (Hoffman et al., 1987) , cardiac actin (Mohun et al., 1984) and myosin heavy chain (MHC) (Radice and Malacinski, 1989) . At neurula stages (prior to expression of Mrf4), Myf5 and MyoD proved to be expressed normally in X. laevis embryos injected with REEP4 MO (Fig. 5A,B ; E,F). Expression of cardiac actin and MHC were also normal at neurula stages ( Fig. 5U,V ; Y,Z). However, by tailbud stages expression of many muscle markers was reduced or disrupted in embryos injected with REEP4 MO compared with embryos injected with control MO. In particular, somites frequently failed to form their normal chevron shape in embryos lacking REEP4 (Fig. 5C,D,G,H,K,L) . The same disruption of somite morphology was also observed in embryos stained with monoclonal antibody 12/101 ( Fig. 5M-P) and with an antibody recognising dystrophin (Fig. 5Q-T) . Expression of the terminal differentiation markers muscle-specific actin and myosin heavy chain was as normal at neurula stages in X. laevis embryos lacking REEP4 (Fig. 5U ,V,Y,Z) but significantly reduced by tailbud stages (Fig. 5W,X,AA,BB) .
Expression of the 12/101 epitope was also reduced in embryos 
Discussion
Our results show that REEP4 is expressed at high levels in the unfertilised egg of the Xenopus embryo. Levels of REEP4 mRNA decline during cleavage stages, and after gastrulation and neurulation transcripts are then enriched in somites and neural tube. Loss of REEP4 function caused by injection of antisense morpholino oligonucleotides causes defects in these very tissues; although their early specification occurs normally, they fail to undergo proper morphogenesis and differentiation. It is possible that the failure of muscle differentiation exacerbates the degeneration of neural structures, or vice-versa, but our study in Xenopus laevis indicates that the impaired development of both begins at similar stages. We do note, however, that in X. tropicalis, REEP4 expression is stronger in somitic tissue than in the nervous system and that defects in muscle precede those in neural tissue. These observations suggest that in this species the primary defect is in muscle.
We know very little about the function of REEP4 and how it might act. Like other members of the REEP family it plays a role in regulating the expression of cell surface receptors. For example, human REEP1 and REEP3 increase the functional expression of the bitter taste receptor while REEPs 2, 4 and 6 reduce it (Behrens et al., 2006) . The bitter taste receptors are not known to be expressed in the early Xenopus embryo, although we have recently identified their Xenopus orthologues by BLAST searching (M. Gilchrist and JCS, unpublished) . It is, of course, also possible that the REEPs affect the expression of other cell surface receptors; this has yet to be investigated.
Future work will focus on the mode of action of REEP4. We shall investigate the effects of removing maternal transcripts, and also search for receptors whose cell surface expression might be influenced by this protein. In addition, it may be interesting to explore potential links between REEP4, and the phenotype we observe in this paper, and hereditary spastic paraplegias (HSPs). Thus, mutations in REEP1 are the third most common cause of HSPs (Zuchner et al., 2006) after spastin (Hazan et al., 1999) and atlastin (Muglia et al., 2002 , Zhao et al., 2001 , and all three proteins are thought to play some role in membrane trafficking. The phenotypes of embryos lacking REEP4 suggest that it too may be involved in HSPs.
Materials and Methods

REEP phylogenetic tree
The REEP sequences were aligned using ClustalW at the EBI: http:/ /www.ebi.ac.uk/Tools/clustalw/index.html (Chenna et al., 2003) . The phylogenetic tree was drawn using the output from Clustal W and the Phylip:drawtree software available at http://bioweb.pasteur.fr/seqanal/ interfaces/drawtree.html (Felsenstein, 1989 ) (version 3.5c distributed by the author and the Department of Genetics, University of Washington, Seattle, USA).
Xenopus embryos and antisense morpholino oligonucleotides
Embryos of Xenopus laevis and Xenopus tropicalis were obtained by in vitro fertilization and staged according to Nieuwkoop and Faber (1975) . Antisense morpholino nucleotides (MO) were designed by and acquired from GeneTools (Philomath, OR, USA) ( Fig 3A) . The control MO was the standard control designed by GeneTools. Embryo manipulation and microinjection for X. laevis and for X. tropicalis were as described (Rana et al., 2006) . Embryos were cultured at 14ºC to midblastula stage 8 and were then transferred to 10% NAM (Slack, 1984) .
REEP4 plasmid and in vitro transcription of antisense RNA probes Clone Tegg010a23, containing a Xenopus tropicalis REEP4 cDNA in pCS107, was picked from the Gurdon Institute X. tropicalis cDNA collection. It was linearised with EcoRI and transcribed using T7 RNA polymerase. A Xenopus laevis REEP4 cDNA in the vector pCVM-SPORT6 was obtained from the I.M.A.G.E. Consortium (clone 6862296). It was linearised with XhoI and transcribed using T7 RNA polymerase.
In vitro transcription-translation and western blotting
The TNT Quick coupled transcription/translation system (Promega) was used according to the manufacturer's instructions using 100 ng X. tropicalis REEP4 RNA. For western blots, embryos were injected with 0.5 or 1.0. ng RNA encoding X. laevis REEP4 carrying a C-terminal HA tag, together with 90 ng MO. Groups of ten embryos were collected at the gastrula stage and resuspended in 100 µl lysis buffer (50 mM pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8, 1% Triton, protease inhibitors). One embryo equivalent was subjected to western blot analysis using 1:5000 anti-HAperoxidase (Roche).
RNA isolation and quantitative PCR. Total RNA was extracted from ten embryos for each developmental stage using TRIzol reagent (Invitrogen). Quantitative PCR was performed using the BioLabs SYBR Green qPCR kit with gene specific primers. A standard curve was prepared using a serial dilution of embryo RNA. PCR primers were: forward 5'TGCTTGTCTTTGGTTTGCTG-3'; reverse 5'-AGGCTGGCTCCTCTTGTGTA-3'. Amplification conditions were: denaturing temperature: 95ºC; annealing temperature/time 60ºC/ 10 s; extension temperature/time 70ºC/10 s. Experiments were carried out three times. RNA levels were normalized to the level of ornithine decarboxylase (ODC) (Piepenburg et al., 2004) .
In situ hybridization and immunohistochemistry
Whole-mount in situ hybridization was performed as described (Harland, 1991) using DIG labelled probes and BM purple (Roche) as a substrate. X. laevis in situ probes made from I.M.A.G.E. clone plasmids were MRF4 (3200585), Pax3 (7981250) and Islet1 (4058863). X. tropicalis Islet1 (Tneu056o08) was picked from the Gurdon Institute X. tropicalis cDNA library. Other probes included N-tubulin (Richter et al., 1988) , Sox3 (Zygar et al., 1998) , Pax6 (Hirsch and Harris, 1997) , Myf5 (Hopwood et al., 1991) , MyoD (Hopwood et al., 1989) , Cardiac actin (Mohun et al., 1984) , and Myosin Heavy Chain (Radice and Malacinski, 1989) , the last of which was the kind gift of Dr Mike Zuber.
Whole-mount staining with monoclonal antibodies 12/101 (Kintner and Brockes, 1984) and dystrophin (Sigma, MADRA1) was carried out as described (Smith, 1993) . Images were captured using Openlab software (Improvision). Some specimens were sectioned after staining. They were embedded in a gelatin/albumin mixture and solidified with glutaraldehyde. Sections (30 µm) were cut on a Leica VT1000M vibrotome and mounted in 90% glycerol.
